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Abstract 
A capillary electrophoretic reactor was used to analyze the dissociation kinetics of an enzyme–
inhibitor complex in a homogeneous solution without immobilization. The complex consisting 
of trypsin (Try) and aprotinin (Apr) was used as the model. Capillary electrophoresis provided 
a reaction field for Try–Apr complex to dissociate through the steady removal of free Try and 
Apr from the Try–Apr zone. By analyzing the dependence of peak height of Try–Apr on 
separation time, the dissociation rate kdH was obtained as 2.73 ´ 10−4 s−1 (298 K) at pH 2.46. 
The dependence of kdH on the proton concentration (pH = 2.09–3.12) revealed a first-order 
dependence of kdH on [H+]; kdH = kd + k1[H+], where kd is the spontaneous dissociation rate and 
was 5.65 ´ 10−5 s−1, and k1 is the second-order rate constant and was 5.07 ´ 10−2 M−1 s−1. From 
the kd value, the half-life of the Try–Apr complex at physiological pH was determined as 3.4 h. 
The presence of the proton-assisted dissociation can be explained by the protonation of -COO– 
of the Asp residue in Try, which breaks the salt bridge with the -NH3+ group of Lys in Apr.  
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List of Abbreviations 
Apr aprotinin 
Asp aspartic acid 
BAEE Nα-benzoyl-L-arginine ethyl ester 
CE capillary electrophoresis 
CER capillary electrophoretic reactor 
CM carboxymethylcellulose 
d.i. deionized 
EDC 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
I.D. inner diameter 
KIU kallikrein inhibitory units 
Lys lysine 
NHS  N-hydroxysuccinimide 
O.D. outer diameter 
PBS phosphate buffered saline 
RU resonance unit 
SDS sodium dodecylsulfate 
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1. Introduction 
Biomolecular complexes, such as enzyme–substrate [1], enzyme–inhibitor [2, 3], receptor–
ligand [4, 5], and antibody–antigen [6], play important roles in physiological processes. To 
understand the function of biomolecules, it is essential to know the thermodynamic and kinetic 
stabilities of the complex. In a biological system, the latter often plays a vital role because the 
system is dynamic, and one of the components of the complex can be steadily diluted, circulated, 
and easily lost from the vicinity of the biomacromolecule. Therefore, the kinetic inertness is 
especially important to design pharmaceuticals to bind to macromolecular targets [7]. Unless 
the kinetic inertness is sufficiently large, the drug–target complex readily dissociates, which 
results in the loss of the effect of the drug. Thus, to design a drug with a long-lasting efficacy, 
it is essential to assess the half-life of the drug–target. Thus far, dissociation rates are estimated 
using techniques such as chromatographic separation, fluorescence polarization spectroscopy, 
recovery of biological activity, and immobilized binding partner methods [7]. Among them, the 
most commonly used technique is a surface plasmon resonance (SPR) device, such as 
BiacoreTM, which detects the change in refractive index induced by the binding/dissociation of 
the analyte to a ligand immobilized on the gold surface [8]. The SPR method has advantages 
such as the ability to simultaneously estimate thermodynamic and kinetic dissociation constants. 
However, the method has disadvantages associated with immobilization such as mass transport 
limitations, surface heterogeneity, possible loss of ligand activity, and dependency of the 
activity on the orientation of the ligand on the gold surface [9, 10]. Therefore, a method is 
required that enables the direct estimation of dissociation rates of biomolecular complex in a 
homogeneous solution without immobilization.  
Recently several reviews have shed light on capillary electrophoresis (CE) owing to the high 
applicability to analysis and kinetic and thermodynamic characterization of protein and peptide 
complexes [11-14]. Prior to the works cited in those reviews, we first devised a method to 
analyze the spontaneous dissociation of a metal complex using CE [15], which enabled the 
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steady removal of the components (metal and ligand) from the metal complex zone in a 
homogeneous solution in the capillary. During electrophoretic separation, the complex 
dissociated, and the peak height of the complex exhibited a single exponential decay, exp(−kdt), 
where kd is the dissociation rate constant, and t is the separation time. By analyzing the 
dependence of the peak height on t, we estimated the kd of the complex. We termed this method 
the CE reactor (CER) [15, 16]. Aprotinin (Apr) is a typical trypsin (Try) inhibitor existing in 
blood serum to bind to the active site of Try with a large association constant (1013 M–1) and is 
known to prevent any Try that is prematurely activated in the pancreas from digesting that organ 
[17]. Because the structure and inhibition mechanism of Apr against Try have been extensively 
studied [18-20], here we employed the complex as an example of the enzyme–inhibitor complex 
to demonstrate the applicability of the CER to estimate the kd. This approach eliminates the 
problems associated with component immobilization. 
 
 
2. Materials and Methods 
2.1. Materials 
Trypsin from bovine pancreas (Activity ≥ 10,000 BAEE units/mg of protein) was obtained from 
Sigma Aldrich. Apr from bovine lung (50000 KIU) was purchased from Wako Pure Chemical 
Corp. Tetraphenylphosphonium (TPP) bromide was used as an internal standard and was 
purchased from Tokyo Chemical Industry Co., Ltd. All other chemicals of reagent grade were 
obtained from Wako Pure Chemical Corp. Deionized (d.i.) water was prepared with an Elix 
Advantage 5 Water Purification System (Merck Millipore) and used throughout the study.  
 
2.2. Instruments 
For the CE runs, Agilent CE 7100 equipped with a fused silica capillary (GL Sciences, I.D. = 
0.05 mm, O.D. = 0.375 mm, total length, L = 100 cm, effective length, l = 91.5 cm) was used. 
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The pH of aqueous solutions was measured with a pH meter HM-30R (Toa-DKK) equipped 
with a pH electrode GST-5425. For the SPR measurement, Biacore T200 (GE Healthcare) was 
used with a carboxymethylcellulose (CM)-modified sensor chip (model Series S Sensor Chip 
CM5). 
 
2.3. Preparation of sample solutions 
To a 1.5-mL sample tube, appropriate amounts of d.i. water, phosphate buffer, 1.0 mg/mL Try 
solution, 0.9 mg/mL Apr solution, and TPP solution were pipetted to prepare a 200-µL sample. 
Finally, the tube was shaken with a vortex mixer to ensure complete mixing. Samples for the 
outer standard were prepared using the same approach without the addition of Apr. The final 
concentrations of the components are provided in the figure captions. 
 
2.4. Determination of proton concentration 
The pH values obtained with the pH meter were converted to the proton activity aH using the 
following equation: 
 
 pH = −log aH. (1) 
 
Furthermore, the proton concentration [H+] in M (1 M  º 1 mol dm−3) was calculated using  
 
 aH = γH [H+], (2) 
 
where γH is the activity coefficient [21] at the ionic strength of the CER buffer. 
 
2.5. Capillary electrophoresis 
The electrophoretic buffer was prepared by mixing the solutions of H3PO4 and NaH2PO4 to 
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adjust the pH ([H3PO4]Total = 70 mM). The capillary was washed thoroughly with 1.0 M NaOH 
and 1.0 M HCl for 5 min each with 1 bar. Then, it was washed with a 0.01 M sodium 
dodecylsulfate (SDS)–0.01 M NaOH mixture, d.i. water, 0.1 M HCl, and d.i. water for 10 min 
each. Then, the electrophoretic buffer was flushed through the capillary for 30 min. The sample 
solution was injected at a pressure of 50 mbar for 2 s and electrophoresed by applying V = 8–
22 kV at 298 K. Try, Apr, the complex, and TPP were detected via absorption at 200 nm. 
 
2.6. SPR analysis 
The dissociation rate of Apr from Try was determined via SPR to verify the rate obtained with 
CER. Try was immobilized on the CM sensor chip via activation of the carboxylate groups with 
the N-Hydroxysuccinimide (NHS)/1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) 
mixture followed by flushing with a phosphate buffered saline (PBS) containing Try. Then, the 
remaining reactive carboxylates were inactivated by flushing with an ethanolamine solution. 
The amount of immobilized Try was determined to be 1086.2 RU. The SPR measurement was 
implemented using a running buffer consisting of a phosphate buffer (70 mM, pH 3.14) 
containing 0.005% Tween 20 at 298 K. The Apr samples (3.91–62.5 nM) were prepared in the 
running buffer and injected in parallel at a flow rate of 50 µL/min. The kinetic analysis was 
performed by global fitting a set of 5 sensorgrams to describe a 1:1 bimolecular reaction model. 
 
 
3. Results and Discussion 
3.1. Separation of Try, Apr, and complex with CE 
Because the CER is based on the steady removal of the components from the complex zone in 
a capillary via electrophoresis, it is necessary for the complex and components to have different 
electrophoretic mobilities. To satisfy this condition, they should be separated by CE. Following 
the reported conditions for the CE separation of Try, Apr, and the complex [22], we used 
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phosphate buffer in the acidic region (pH = 2–3). Fig. 1a shows the typical electropherograms 
for the mixture of Try and Apr obtained at pH 2.03. The Try and Apr peaks can be assigned 
based on those that appear in the Apr and Try electropherograms (Figs. 1b and 1c, respectively). 
Apr migrated faster than Try and exhibited higher electrophoretic mobility. This is reasonable 
because the electrophoretic mobility tends to depend on the charge-to-mass ratio of the solutes, 
and Apr is more basic (pI = 10.5) and smaller (Mr = 6.5 kDa) than Try (pI = 10.0, Mr = 23.8 
kDa).[23] Because the obtained electrophoretic mobility is between those of Apr and Try, a 
considerably large peak appeared between Apr and Try can be assigned to the Try–Apr complex, 
which is in agreement with a previous report [22]. It should be noted that Apr, Try, and Try–
Apr were detected before TPP. Considering the charge (+1) and mass of TPP (Mr = 339.4 Da), 
the number of charges in Apr and Try should be considerably larger than that in TPP. Notably, 
many small peaks are attributed to the impurities that accompany both Apr and Try (Figs. 1b 
and 1c, respectively). However, these impurities did not interfere with the CER measurement, 
which analyzes the time dependence of the peak height of the complex (vide infra). 
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Fig. 1  Electropherograms of (a) Try–Apr mixture, (b) Try, and (c) Apr. Sample: [Try]Total = 
4.1 ´ 10−5 M, [Apr]Total = 2.0 ´ 10−5 M, [TPP+] = 50 µM, [H3PO4]Total = 20 mM, pH 2.03. 
Electrophoretic buffer: [H3PO4]Total = 20 mM, pH 2.53. V = 8 kV, I = 4.5 µA, T = 298 K. 
 
 
3.2. CER analysis of Try–Apr complex dissociation 
When a sample solution containing the equilibrium mixture of the Try–Apr complex and other 
components is placed in an electric field in the capillary, the components are steadily removed 
from Try–Apr by electrophoresis. This process is described by the dissociation reaction:  
 
 Try–Apr  Try + Apr (3) 
 
Once they are dissociated, the components never combine to form the complex because of their 
steady removal. When the complex is electrophoresed for a longer time, the dissociation 
¾®¾
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reaction occurs for a longer time, which results in a reduced peak height. The electrophoresis 
time can be varied by changing the applied voltage. In this study, when the applied voltage was 
reduced from 22 to 8 kV, the migration time of the complex and the other components increased 
from 30 to 90 min (Fig. 2a). The peak height of the Try–Apr complex decreased as the reaction 
time increased, which suggests that dissociation occurred. Because peak area should contain 
the components Try and Apr formed by dissociation of Try–Apr, we focus on the peak top where 
the components do not exist. Before analyzing the dependence of the peak height on the 
migration time, other factors affecting the peak height should be eliminated such as the 
fluctuation in the injection volume of the sample into the capillary and the zone broadening 
caused by the diffusion of the complex during the migration in the capillary. To eliminate these 
factors, we used the double standardization technique that employs both internal and external 
standards [15]. The effect of the injection volume variation on the peak height, H, of a 
component can be removed by standardization with the internal standard, TPP. Thus, we obtain 
the peak height of Try–Apr standardized with TPP, H'Try–Apr, using the following equation 
 
  H'Try–Apr, = HTry–Apr/HTPP,1 (4)  
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Fig. 2  Electropherograms of (a) Try–Apr complex and (b) Try as the external standard. 
Sample solutions: [Try] = 4.1 ´ 10−5 M, [Apr] = 0 or 2.0 ´ 10−5 M, [TPP] = 50 µM, [H3PO4]Total 
= 20 mM, pH 2.46. Electrophoretic buffer: [H3PO4]Total = 70 mM, pH 2.46. From top to bottom, 
V = 22 kV, I = 19.93 µA, V = 20 kV, I = 17.95 µA, V = 18 kV, I = 16.05 µA, V = 15 kV, I = 
13.28 µA, V = 12 kV, I = 10.68 µA, V = 10 kV, I = 8.88 µA, V = 8 kV, I =7.14 µA. T = 298 K.   
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To remove the effect of diffusion of the complex on H', first, an external standard is required to 
estimate the effect. The migration time and diffusion coefficient of the external standard should 
be as close as possible to those of the complex. Here, we used Try as the external standard for 
the following reasons. First, the relative molecular masses of Try (23.8 kDa) and Try–Apr (30.3 
kDa) are similar. Second, because of the proximity of the Try–Apr and Try peaks, the 
electrophoretic mobilities of these two components do not differ much. Therefore, Try is a 
suitable standard to compensate for the diffusion effect. A series of electropherograms of Try 
as the external standard was obtained by applying the same voltages (Fig. 2b). In addition, the 
variations in the injection volumes were compensated by the internal standard using the 
equation given below; the peak height of the external standard is standardized with TPP, H'Try: 
 
  H'Try = HTry/HTPP,2 (5) 
 
The ratio H'Try–Apr/H'Try is not affected by the variance in the injection volume and dispersion 
of the complex zone. Therefore, it should be proportional to the concentration of Try–Apr 
remaining in the zone and expressed as  
 
  H'Try–Apr/H'Try = a[Try–Apr] (6) 
 
where a is the proportional constant. Because the spontaneous dissociation of Try–Apr is a 
first-order reaction, the integrated form of the reaction rate is given by  
 
  [Try–Apr]/[Try–Apr]0 = exp(−kdH tm) (7) 
 
Here, [Try–Apr]0, kdH, and tm represent the initial concentration of Try–Apr at reaction time 
zero, dissociation rate constant at a certain proton concentration, and migration time (= reaction 
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time) of Try–Apr, respectively. From eqs. (6) and (7), we have 
 
  H'Try–Apr/H'Try =  bexp(−kdH tm)  (8) 
 
where b = a[Try–Apr]0. Therefore, the least squares fitting of H'Try–Apr/H'Try against tm from eq. 
(8) gives the kdH value. For example, the electropherograms obtained at pH 2.46 produced 
parameters such as tm, H'Try–Apr, and H'Try (Table S1). Then, the H'Try–Apr/H'Try values are plotted 
as a function of tm (Fig. 3). By curve fitting using eq. (8), the dissociation rate constant at pH 
2.46, at a temperature of 298 K was determined to be kdH = 2.73 ´ 10−4 s−1. This corresponds to 
the half-life, t1/2, of 42.3 min, which shows that the dissociation of this enzyme–inhibitor 




Fig. 3  Dissociation reaction profile of Try–Apr complex obtained by CER (pH 2.46, 298 K). 
The dashed line shows the best fit of eq. (8) with kdH = 1.64 ´ 10−2 min−1 (= 2.73 ´ 10−4 s−1) 
and b = 0.437 (R2 = 0.9966). 
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3.3. Proton concentration dependence of dissociation rate 
To clarify whether the dissociation in the acidic pH region is promoted by protons, the 
dependence of the kdH values on the proton concentration was studied in the pH range of 2.09–
3.12. For example, the electropherograms with Try as the external standard and the Try–Apr 
complexes at pH 2.63 are shown in Fig. S1. As can be seen, the Try–Apr peak at each voltage 
seems to be higher than those for pH 2.46. This observation suggests that the complex was 
kinetically more inert at higher pH and decelerated the dissociation. The kinetic analysis was 
carried out using the procedure shown in the previous section. The peak height ratios H'Try–
Apr/H'Try is plotted against tm,Try–Apr and fitted with eq. (8) (Fig. S2); the values are also listed in 
Table S2. Thus, the dissociation rate at pH 2.63 is obtained as kdH = 1.37 ´ 10−4 s−1 (298 K). The 




Fig. 4  Dependence of kdH on [H+] in the electrophoretic buffer. The dashed line shows the 
best fit by eq. (9) with kd = 4.62 ´ 10−5 s−1 and k1 = 4.70 ´ 10−2 M−1 s−1 (R2 = 0.9482). 
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The CER measurements mentioned above were carried out at pH 2.09, 2.17, 2.19, 2.28, 2.38, 
2.51, 2.77, 2.83, 2.93, and 3.12 at 298 K (Fig. S3) to obtain a set of kdH values (Table S3). The 
obtained values are plotted against the proton concentration [H+] in the electrophoretic buffers 
(Fig. 4). The data fitted well with the first-order function: 
 
  kdH = kd + k1[H+], (9) 
 
where kd and k1 are the intrinsic dissociation rate and proton-assisted dissociation rate constants, 
respectively. By the least squares fitting, the dissociation rates are obtained as kd = 4.62 ´ 10−5 
s−1 and k1 = 4.70 ´ 10−2 M–1 s−1. Because the first-order dependence of the kdH value on [H+] 
was clear, one proton should assist the spontaneous dissociation of the Try–Apr complex. The 
crystallographic analysis of the Try–Apr complex clarified that the -NH3+ group of Lys-15 in 
Apr bound to the -COO– of Asp-189, which exists in the moiety of Try, forms the salt bridge 
[24]. From the 541 acid dissociation constants of amino acid side chains for 78 proteins, the 
pKa value of the Asp residue can be averaged as 3.5 ± 1.2 [25]. Assuming that this value is 
applicable to the pKa value of Asp-189, 75–96% of the residue attaches one H+ in the pH range 
of 3.12–2.09 (Table S3). This should lead to a decrease in the interaction between -NH3+ (Lys) 
and -COO− (Asp), to result in proton-assisted dissociation. At physiological pH (= 7.40), the 
proton concentration is on the order of 10–8 M. Therefore, the proton-assisted path can be 
neglected (i.e., kd >> k1[H+]), and kdH » kd. Therefore, the half-life, t1/2, of the Try–Apr complex 
at physiological pH can be calculated by the kd value as 3.4 h. This value implies that the 
complex is kinetically inert, and the inhibition of Try by Apr should last for hours. 
 
3.4. Validation using the SPR method 
To validate the CER method, the dissociation rate was compared with the one obtained with the 
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SPR method. The sensorgrams were obtained with Try immobilized on the Au chip for 3.9–
62.5 nM of Apr in a running buffer at pH 3.14, 298 K (Fig. S4). The simultaneous fitting of the 
function with two parameters (kdH,SPR: dissociation rate, kaH,SPR: association rate) to the data set 
provided the values of kdH,SPR = 7.70 ´ 10−5 s−1, kaH,SPR = 1.52 ´ 105 M−1 s−1. We estimated the 
kdH value for the CER at pH 3.14 using eq. (10) to be kdH = 8.82 ´ 10−5 s−1 (last row in Table 
S3), which agrees with kdH,SPR = 7.70 ´ 10−5 s−1. Thus, CER is a reliable method for estimating 
the dissociation rate without immobilizing a component of the biomolecular complex. In 
addition, the SPR method yielded the value of the dissociation equilibrium constant Kd (= 
kdH,SPR/kaH,SPR) as 5.06 ´ 10−10 M, which showed that the Try–Apr complex was 
thermodynamically stable at pH 3.14. Regardless, spontaneous dissociation cannot be ignored 




This study demonstrated that CER is applicable for analyzing the spontaneous dissociation rate 
of the enzyme–inhibitor complex of Try and Apr. The CE using an acidic buffer can separate 
the Try–Apr complex and other components. Analysis of the time-dependence of the peak 
height of the remaining Try–Apr successfully provided the dissociation rate, kdH, which enabled 
the CER analysis. Furthermore, the dependence of kdH on the proton concentration successfully 
yielded the spontaneous dissociation rate of kd = 5.65 ´ 10−5 s−1 (298 K), which showed the 
kinetic inertness of the Try–Apr complex with t1/2 = 3.4 h at physiological pH. In addition, using 
the crystallographic structure of the Try–Apr complex, the first-order dependence of kdH on the 
proton concentration can be rationalized by the protonation of the carboxylate group on Asp-
189 of Try to lead to the dissociation of the Lys–Asp salt bridge, which accelerates the 
dissociation of Try–Apr. The validation with SPR demonstrated good agreement of the kdH 
values obtained with the CER method. Thus, CER enabled the analysis of the dissociation 
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kinetics of the biomolecular complex in a homogeneous solution without the immobilization of 
one of the components, which often lead to false results in SPR because of the mass transport 
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